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a b s t r a c t
Antimony phosphate glasses (SbPO) doped with 3 and 6 mol% of Cr3+ were studied by Electron Paramag-
netic Resonance (EPR), UV–VIS optical absorption and luminescence spectroscopy. The EPR spectra of
Cr3+-doped glasses showed two principal resonance signals with effective g values at g = 5.11 and
g = 1.97. UV–VIS optical absorption spectra of SbPO:Cr3+ presented four characteristics bands at 457,
641, 675, and 705 nm related to the transitions from 4A2(F) to 4T1(F), 4T2(F), 2T1(G), and 2E(G), respec-
tively, of Cr3+ ions in octahedral symmetry. Optical absorption spectra of SbPO:Cr3+ allowed evaluating
the crystalline ﬁeld Dq, Racah parameters (B and C) and Dq/B. The calculated value of Dq/B = 2.48 indi-
cates that Cr3+ ions in SbPO glasses are in strong ligand ﬁeld sites. The optical band gap for SbPO and
SbPO:Cr3+ were evaluated from the UV optical absorption edges. Luminescence measurements of pure
and Cr3+-doped glasses excited with 350 nm revealed weak emission bands from 400 to 600 nm due to
the 3P1?
1S0 electronic transition from Sb
3+ ions. Cr3+-doped glasses excited with 415 nm presented
Cr3+ characteristic luminescence spectra composed by two broad bands, one band centered at 645 nm
(2E? 4A2) and another intense band from 700 to 850 nm (4T2? 4A2).
 2014 Elsevier B.V. All rights reserved.
1. Introduction
Metal phosphate glasses are extensively studied due to the fact
that they present non-linear optical, magnetic and electrical con-
ductivity properties that provide them with several technological
applications such as optical ﬁbers with low loss, waveguides, laser
glasses, and others [1–4]. Since pure phosphate glasses are unsta-
ble, antimony oxide is incorporated, providing enhanced chemical
stability [5]. Incorporation of metal cations in phosphate glasses
also improves its glass forming ability and some physical proper-
ties [6]. Antimony phosphate glasses present enhanced non-linear
optical properties [7], photosensitivity [8,9], and AC conductivity
[4]. Furthermore, Cr3+-doped systems have technological applica-
tions such as high temperature sensors, tunable solid-state lasers,
and others [10–12], the Cr3+ ion being one of the most studied
and efﬁcient activators in a host matrix, which possesses lumines-
cence spectrum in the visible and near infra-red region.
Cr3+-doped inorganic glasses were extensively studied in the
last decade due to their potential application for tunable solid state
lasers and VIS–NIR broadband luminescent materials [13–19]. In
this context, Cr3+-doped antimony phosphate glasses are of great
interest, being a new promising host for incorporation of Cr3+ ions
which yields favorable properties for optical absorption and
broader VIS–NIR emission bands than other amorphous and crys-
talline systems.
In this paper we investigate the optical properties of Cr3+-doped
antimony phosphate glasses. The prepared glass samples were
characterized by Electron Paramagnetic Resonance (EPR), UV–VIS
optical absorption, and luminescence spectroscopy.
2. Experimental procedure
The antimony polyphosphate glasses were prepared by the
traditional melt-quenching method using the commercial
reagents antimony oxide (Sb2O3), ammonium dihydrogen phos-
phate (NH4H2PO4) (analytical grade, purityP 99%), and Cr2O3
(spectral grade; purityP 99.5%). Stoichiometric quantities of
Sb2O3 and NH4H2PO4 were homogeneously mixed and melted in
two stages, ﬁrst at 200 C/2 h to eliminate NH3 and H2O from the
NH4H2PO4 which decomposes forming P2O5, and second at
700 C/2 h to form the antimony polyphosphate glass, [Sb(PO3)3]n.
http://dx.doi.org/10.1016/j.optmat.2014.10.012
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Pure antimony polyphosphate is a very hygroscopic glass composi-
tion, however when associated with higher amounts of Sb2O3 it
forms a very stable antimony phosphate glass composition with
improved chemical durability. The Cr3+-doped antimony phosphate
glasses were produced by melting suitable amounts of [Sb(PO3)3]n
and Sb2O3 with Cr2O3 at 900 C for 30 min in a tubular glassy carbon
crucible in a vertical tube furnace and then poured into a stainless
steel mold pre-heated at 300 C, followed by a heat treatment at
250 C for 8 h to eliminate mechanical stresses. These reagents in
the appropriate ratios were mixed and melted to produce 5 g
batches. The compositions (in mol%) studied in this work were the
pure glass 0.2[Sb(PO3)3]n–0.8Sb2O3 (SbPO), and the chromium doped
glasses 0.2[Sb(PO3)3]n–(0.77)Sb2O3:0.03Cr2O3 (SbPO3Cr) and 0.2[Sb
(PO3)3]n–(0.74)Sb2O3:0.06Cr2O3 (SbPO6Cr). Glass plates amorphous
to X-rays with dimensions of 10 10  3 mm3 (3-mm thick) were
obtained by polishing the obtained glass samples.
EPR measurements were performed with a Bruker Elexsys
E-580 FT/CW X-band spectrometer equipped with an Oxford
temperature controller for the temperature range of 4–300 K. The
glass samples were ground and the measurements were taken at
30 K and 9.48 GHz. UV–VIS–NIR optical absorption in the range
300–900 nm was performed with a double beam spectrophotome-
ter from Varian Cary-17. Luminescence measurements were per-
formed by exciting the samples using 350 and 415 nm Kr+ ion
laser lines. The spectra were collected by a setup consisting of a
Thermal Jarrel-Ash Monospec 27 monochromator, a Hamamatsu
R955 photomultiplier, a SR350 lock-in ampliﬁer from Stanford
Research Systems, and a New Focus 3501 electro-mechanical
modulator, connected to a data acquisition system.
3. Results and discussions
3.1. EPR studies
Cr3+ ions have a 3d3 electronic conﬁguration and have a large
octahedral site preference energy. In an octahedral crystal ﬁeld,
its ground state is an orbital singlet 4A2(F). Under the ﬁeld action
of a low symmetric component and spin–orbit coupling, the four-
fold spin degeneracy of 4A2(F) is removed, splitting by zero-ﬁeld
splitting into two Kramers doublets Ms = ±3/2 and Ms = ±1/2
[11,20]. In glasses a large separation between the two doublets
leads to a resonance at g = 2–6. Moreover, chromium may exist
in a glassy network as both isolated Cr3+ ions and anti-ferromag-
netic exchange coupled Cr3+–Cr3+ pairs [21].
The EPR spectra of Cr3+-doped antimony phosphate glasses
(SbPO3Cr and SbPO6Cr) are shown in Fig. 1. Two principal reso-
nance lines can be observed: the ﬁrst is a broad asymmetric band
at low magnetic ﬁeld with an effective g value of 5.11 and the
second is a broad asymmetric line at high magnetic ﬁeld with an
effective g value of 1.97. For both the low and high magnetic ﬁeld
regions, the intensity of the EPR’s ﬁrst derivative absorption
increases with increasing Cr3+, as shown in Fig. 1(a) and (b), for
the glasses SbPO3Cr and SbPO6Cr, respectively. No EPR signal
was detected for the pure SbPO glass, which indicates that the pure
glass samples are free of paramagnetic impurities. The effective g
value in the low magnetic ﬁeld portion of the spectrum (g = 5.11)
is attributed to isolated Cr3+ ions in distorted octahedral sites
[14,15,22]. The effective g value in the high magnetic ﬁeld
(g = 1.97) is associated with the contribution of both exchange cou-
pled pairs of Cr3+ ions (antiferromagnetic Cr3+–Cr3+) which are
individually sixfold coordinated and isolated Cr3+ ions at axially-
distorted octahedral sites [11,14,18,23].
The EPR signal with g  2.49 which is clearly visible only for
the SbPO6Cr glass sample (Fig. 1b), was attributed to isolated
Cr3+ ions at strongly-distorted octahedral sites. The more
complex and broadened EPR signal at the high-magnetic-ﬁeld
region (SbPO6Cr) can also be associated with Cr3+–Cr3+
exchange-coupled pairs or small clusters of several exchange-
coupled Cr3+ ions [11]. These characteristics observed in the
EPR spectrum of the heavily doped glass sample suggest the
existence of different Cr3+ isolated centers, what explain the
dependence of the EPR signals (g = 5.11 and g = 1.97) with chro-
mium concentration. The measured effective g values are in
agreement with other EPR studies of Cr3+-doped metal phos-
phate glasses as described in Table 1 [14–17].
In single crystals or polycrystalline materials, the EPR spectra of
chromium ions present narrowed bands, which represent the Cr3+
in perfect octahedral sites. The EPR spectra of chromium ions in
glasses are affected by the absence of long-range order in glasses
connected with various small distortions of the local environment
of the ions from site to site. Additionally, the ligand ﬁeld symmetry
axes relative to the direction of the applied magnetic ﬁeld are ran-
domly oriented, yielding highly broadened line shape spectra. The
broadened line shape of the obtained EPR spectra, typical of amor-
phous materials, indicates that the Cr3+ ions occupy distorted octa-
hedral sites, and conﬁrms their valence. The large intensity of the
band at low magnetic ﬁeld (g  5.11) indicates higher concentra-
tions of isolated Cr3+ ions in this glass network.
Fig. 1. EPR spectra at 30 K for Cr3+-doped antimony phosphate glasses. (a) SbPO3Cr
and (b) SbPO6Cr.
Table 1
Effective g values for Cr3+ ion in different metal phosphate glass systems.
Glass system Effective g values Ref.
Potassium phosphate (BaKP) 5.12 1.99 [14]
Cadmium phosphate (CdP) 4.82 1.96 [15]
Lead gallium phosphate (PbGaP) 4.72 1.97 [16]
Lead zinc phosphate (PbZnP) 4.60 1.99 [17]
Antimony phosphate (SbPO) 5.11 1.97 This work
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The octahedral coordination of Cr3+ can be explained by its ionic
radius and extra stabilization energy. A Cr3+ ion has an ionic radius
of 0.615 Å and is classiﬁed as a large cation. Large cations preferen-
tially enter into octahedral sites, because in the case of a densely
package lattice of oxygen atoms, the radii of octahedrally coordi-
nated cations vary from 0.5 to 1 Å. The extra stabilization energy
for Cr3+ ions in octahedral coordination is 6/5Dq, where Dq is the
energy gap between 4A2(F) and 4T2(F) denotes the ligand ﬁeld
parameter, and it is three times greater than for tetrahedral coor-
dination (16/45Dq) [25].
Fournier et al. [23] showed that for aluminum-zinc phosphate,
on adding more dopant to the matrix, above 6 mol%, the amount
of isolated octahedral Cr3+ starts to fall, representing a decrease
of the low magnetic ﬁeld band. Also the Cr3+–Cr3+ antiferromag-
netic pairs increase, thus increasing the line in the high magnetic
ﬁeld region. However, our results indicate that a decrease of iso-
lated Cr3+ in antimony phosphate glass was not observed at higher
doping concentrations as observed for an equivalent Cr3+ doping
amount in aluminum-zinc phosphate glass.
For isolated Cr3+ ions in octahedral sites, a structural model was
proposed by Landry et al. [22] as an arrangement of three PO4 tet-
rahedrons where two of the oxygen atoms from each tetrahedron,
(non ligands oxygen, ONL, that forms bonds with metallic oxides),
are linked to the chromium. Therefore the conﬁguration is taking
to be as trivalent ion octahedral sites coordinated by O2 ligands.
There are six oxygen which are available to continue the glass net-
work (not linked to Cr3+), (ligand oxygen, OL that forms P–O–P
bonds). For the Cr3+ pairs a model was proposed by Fournier
et al. [23] where the two Cr3+ ions are individually sixfold coordi-
nated by O2 ions and are located on either side of a triangle of O2
ions. In this case there are three OL ions which continue the glass
network forming P–O–P bonds. The representation of the Cr3+ in
the glass structure with octahedral isolated Cr3+ and Cr3+ pairs is
shown in Fig. 2.
3.2. Optical absorption studies
The optical absorption spectra of the pure glass sample and the
Cr3+-doped glass samples observed at room temperature are
shown in Fig. 3(a). For the pure glass sample (SbPO), the absorption
spectrum showed only a high absorption edge in the UV region,
which corresponds to the typical band to band transition observed
in glasses. The optical absorption spectra of the Cr3+-doped glasses
present one broad band at 457 nm and one broader band (550–
750 nm) composed of bands at 641, 675, and 705 nm, which are
more in evidence for the sample SbPO6Cr.
The optical band gap energy of the samples, Eopt, was obtained
from the optical absorption spectra as proposed by Tauc [26],
and are shown in Fig. 3(b). An expression for the absorption coef-
ﬁcient a(v), as a function of photon energy (E = hv) for direct and
indirect optical transitions is given by Eq. (1) [27–29]:
aðvÞ ¼ Cðhv  EoptÞn
 
=hv ð1Þ
where the exponent n = 1/2 or n = 2 is for allowed direct and indi-
rect transitions respectively. Eopt is the optical band gap energy
and C is a constant related to the extent of the band tailing. Plotting
Fig. 2. (a) Isolated Cr3+ ion in the glass structure, where the Cr3+ ion is octahedrally coordinated by O2 ions of the neighboring PO4 tetrahedra. Six oxygen ions (OL) are
available for continuing the network. (b) Antiferromagnetic Cr3+ pair, where each Cr3+ ions is sixfold coordinated by O2 ions belonging to neighboring PO4 tetrahedra. Three
oxygen ions (OL) are available to continue the network (adapted from [22] and [23]).
Fig. 3. Optical absorption spectra at room temperature (a), and plot of (Ea)1/2
versus hv (b) for pure glass sample SbPO, and Cr3+-doped SbPO glass samples. The
optical band gap values (Eopt) were determined by extrapolation (dashed line) of the
linear region of the absorption edge determined by linear ﬁtting (solid red line). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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(Ea)1/2 against the photon energy (hv) (employing the indirect tran-
sitions model) gives a straight line at the absorption edge with
intercept at Ea = 0 equal to the optical band gap energy, Eopt. For
amorphous semiconductors, the indirect transition model (n = 2)
is usually employed [26], and for crystalline materials, the direct
transitions model (n = 1/2).
The intercept was determined by extrapolating the straight line
obtained by linear ﬁtting at the linear region of the absorption edge.
The best ﬁt of the absorption edgewas obtainedwith n = 2 in Eq. (1),
indicating indirect allowed band transition model for the studied
glass samples. The absorption coefﬁcient a(m) = 2.303 (A/d) is
calculated from the absorbance A and the sample thickness d.
The optical band gap values (Eopt) are found to be 3.22, 2.98 and
2.85 eV, for samples with 0, 3 and 6 mol% Cr, respectively. The opti-
cal band gap values obtained in the present work are consistent
with the values reported for phosphate glasses [30,31]. It is veriﬁed
that the optical band gap decreases (red shift) with an increase of
the Cr3+ doped into the SbPO glasses. Our result agrees with that
reported by Kesavulu et al. [18] and El-Diastya et al. [32]. This is
attributed to the Cr3+ doping which creates localized levels close
to the conduction band of antimony phosphate glass. These local-
ized levels interact with the conduction band, resulting in their
subdivision and reducing the band gap. Additionally, lower values
of Eopt with increasing concentration of Cr3+ are evidence of
changes from covalent to less covalent (more ionic) bonds, related
also with the higher concentration of nonbridging oxygens (NBOs)
due to the incorporation of chromium ions, causing a depolymer-
ization of the phosphate network [32].
Since the Cr3+ ions are in octahedral coordination, which was
conﬁrmed by EPR and absorption spectra, a Tanabe–Sugano dia-
gram can be used to identify the energy levels’ splitting in a d3
electronic conﬁguration. The energy levels’ splitting from the Tan-
abe–Sugano diagram, and the transitions observed in the absorp-
tion spectra identiﬁed by arrows in Fig. 3(a), are listed in Table 2.
The absorption spectra show a ﬁne structure in the vicinity of
the 4A2(F)? 4T2(F) at 641 nm (15,600 cm1) which are dips at
675 nm (14,815 cm1) and 705 nm (14,185 cm1). By the Fano-
antiresonance interpretation, these structures are due to the spin
forbidden transitions 4A2(F)? 2T1(G) and 4A2(F)? 2E(G). These
electronic transitions are possible because 2E and 2T1 acquire their
spin-allowed character via spin–orbit interaction with the band
4A2(F)? 4T2(F).
Through the observed absorption bands, the Racah parameters
and Dq/B (crystalline ﬁeld strength) can be evaluated. The band
at 15,600 cm1 (m1) attributed to the transition 4A2(F)? 4T2(F)
gives the value of 10Dq [13,15]. The value of B can be calculated
using the equation B ¼ ð2v21 þ v22  3v1v2Þ=ð15v2  27v1Þ, where
m2 is the band at 21,880 cm1 attributed to the transition
4A2(F)? 4T1(F). In the present work, the Dq value determined is
1560.0 cm1, so the value of B is calculated to be 629.4 cm1. The
Racah parameter B can be interpreted as the intensity of the
inter-electronic repulsion in the d shell of the transition metal
ion, Cr3+. For larger B, more electrons are localized on the Cr3+
ion and so the inter-electronic repulsion in the d shell becomes
more intense, resulting in chemical bonds between the Cr3+ ions
and the ligands with a more ionic character. Regarding heavy
metal-containing phosphate glasses, in Cr3+-doped cadmium phos-
phate glasses, B was determined to be 700 cm1 [15] compared to
629.4 cm1 in Cr3+-doped antimony phosphate glasses (this work).
These values are consistent because antimony is more electroneg-
ative than cadmium.
Additionally, the calculated value of Dq/B for the studied glass
system SbPO:Cr3+ is 2.48. Dq/B < 2.3 means there is a low crystal-
line ﬁeld strength, where the luminescence spectra present broad
bands and the ﬁrst excited state is 4T2. Dq/B > 2.3 signiﬁes a high
crystalline ﬁeld strength, the lowest excited state is 2Eg and the
emission shows narrow bands or lines [33]. Finally, Dq/B = 2.3 rep-
resents the region near the intersection between the 2E and 4T2 lev-
els and is called the intermediate crystal ﬁeld. In this case, the
excited state can relax from 2E and/or 4T2 and the band’s shape
can vary [15,22]. Table 3 shows Dq/B for some Cr3+-doped metal
phosphate glasses. Most of them presented a low crystalline ﬁeld,
which makes the Dq/B value of 2.48 for SbPO:Cr3+ an atypical result
for phosphate glasses, which is probably related to the inﬂuence of
the antimony ions in the glass structure.
Moreover, using the EPR and optical absorption data, it is possi-
ble to determine the chemical bond parameter a which is given by
Eq. (2) [14,15,24,25]:
go ¼ ge  8ak=10Dq; ð2Þ
where ge is the free electron g-factor which is 2.0023, k is the spin–
orbit coupling constant, and 10Dq, as mentioned before, is the
energy gap between the excited level and the ground level. The
experimental values for go and 10Dq are, respectively, 1.97 and
15,600 cm1. Therefore the value of the chemical bond parameter
a calculated in this work is 0.69. The ionic contribution to the
chemical bond between a Cr3+ ion and the ligands is evaluated to
be 0 6 a 6 1, and the larger is the value of a, the stronger is the ionic
contribution to the chemical bond. The a value of 0.69 for SbPO:Cr3+
suggests a moderately ionic character of trivalent chromium in this
glass matrix compared to other heavy metal-containing phosphate
glasses. The chromium-doped antimony phosphate glasses studied
in this work presented a lower value of a (0.69) than that of chro-
mium-doped cadmium phosphate glasses [15], for which a is
0.83. This can be explained by the lower electronegativity of cad-
mium (1.69) compared to that of antimony (2.05). The ionic charac-
ter of the Cr3+ ions and the ligands in the glass matrix decreases as
the electronegativity of the modiﬁer metal cations increases [14].
The higher electronegativity of antimony yields a chemical environ-
ment in which the Cr3+ ions suffer less repulsion from the O2 elec-
tronic clouds (these clouds are shifted towards the Sb3+), resulting
in less localized electrons on the Cr3+ ions (a lower ionic character
and a lower value of B).
3.3. Photoluminescence studies
Fig. 4 shows the luminescence spectra of pure SbPO and
SbPO:Cr3+ glasses excited with 350 nm, measured at room temper-
ature. Analyzing the luminescence spectra of Fig. 4, it can be
noticed that the pure SbPO glass, SbPO3Cr, and SbPO6Cr presented
typical Sb3+ spectra dominated by bands in the blue region of the
visible spectrum [34]. The Sb3+ is an s2 ion which emits in the blue
Table 2
Energy levels splitting for d3 ions from Tanabe–Sugano diagram, and electronic transitions observed in absorption spectra of SbPO:Cr3+ glasses.
Tanabe–Sugano SbPO:Cr3+
Energy levels Energy levels splitting Bands (nm) Electronic transitions
4F 4A2, 4T1, 4T2 457 (21,880 cm1) 4A2(F)? 4T1(F) spin allowed
2G 2E, 2T1, 2A1, 2T2 641 (15,600 cm1) 4A2(F)? 4T2(F) spin allowed
4P 4T1 675 (14,815 cm1) 4A2(F)? 2T1(G) spin forbidden
2F 2A2 705 (14,185 cm1) 4A2(F)? 2E(G) spin forbidden
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region of the spectrum upon UV excitation, and these emission
bands are assigned to the 3P1? 1S0 electronic transition character-
istic of the Sb3+ activator ions in the glass matrix.
As shown in Fig. 4, good ﬁts (red solid line) were obtained for
the luminescence spectra (open circles) of both pure and SbPO:Cr3+
glasses using four Gaussian bands centered at 23,754, 22,740,
21,100, and 19,050 cm1, which are reported as a result of the
spin–orbit and Jahn–Teller effect [35]. Also the Sb3+emission in
the 350–550 nm region has been related to the antimony ions in
octahedral and tetrahedral coordination in a phosphate glass host
[36]. Additionally it can be observed that the dopant Cr3+ ion does
not alter signiﬁcantly the luminescence spectra of antimony phos-
phate glasses when excited with 350 nm, with a little narrowing of
the band centered at 22,470 cm1 (445 nm), probably due to
changes in the short ranged crystalline ﬁeld around the antimony
ions with increasing chromium concentration in the glasses.
Using the appropriate excitation wavelength at 415 nm, the
dopant exerts a strong inﬂuence on the luminescence spectra of
Cr3+-doped SbPO glasses, as shown in Fig. 5. The luminescence
spectra of SbPO3Cr and SbPO6Cr glass measured at room temper-
ature are composed of a weak broad band centered at 15,100 cm1
(662 nm) (2E(F)? 4A2(F), R-line) and another intense broad band
from 14,500 to 11,100 cm1 (700–850 nm) centered at
12,790 cm1 (782 nm) (4T2(F)? 4A2(F)), due to Cr3+ electronic
transitions which depend on the crystal ﬁeld strength of the host
lattice [18,19,37], but also strongly affected by energy transfer
from single Cr3+ ions to pairs [38] and the thermal population of
the 4T2(F) level [12,39].
In the studied glass system, the luminescence spectra of Cr3+ is
dominated by the 4T2(F)? 4A2(F) emission that was ﬁtted by three
Gaussian curves at 13,600, 12,790, and 12,290 cm1 (735, 782 and
814 nm) (Fig. 5), which is consistent since the 4T2 state is strongly
coupled to lattice vibrations and therefore a nearly Gaussian shape
is expected for each site [40,41]. Increasing the Cr3+ concentration,
the intensity of the band at 15,100 cm1 almost vanishes while the
intensity of the band centered at 12,790 cm1 is greatly increased.
No luminescence was observed for the pure SbPO glass excited
with 415 nm.
Since the Cr3+ ions are in high-ﬁeld sites evaluated at
Dq/B = 2.48 in the studied system, we could expect a more intense
and sharp emission from the 2E(F)? 4A2(F) than the emission from
the 4T2(F)? 4A2(F). However the observed luminescence spectrum
Table 3
Crystal-ﬁeld parameter Dq and Racah parameters B and C (in cm1) for Cr3+ ion in
different metal phosphate glass systems.
Glass system Dq B C Dq/B
Barium potassium phosphate (BaKP) [14] 1522 741 3146 2.05
Cadmium phosphate (CdP) [15] 1545 700 3231 2.20
Lead gallium phosphate (PbGaP) [16] 1557 660 3061 2.36
Lead zinc phosphate (PbZnP) [17] 1523 709 3232 2.15
Antimony phosphate (SbPO) (this work) 1560 629 3171 2.48
Fig. 4. Luminescence spectra for pure SbPO glass and SbPO:Cr3+ glasses excited at
350 nm, measured at room temperature (open circles). The red solid lines represent
the spectra deconvolution using Gaussian bands at 23,754, 22,470, 21,100, and
19,050 cm1. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Fig. 5. Luminescence spectra for SbPO3Cr and SbPO6Cr excited at 415 nm
measured at room temperature (open circles). The red solid lines represent the
spectra deconvolution using Gaussian bands at 15,100, 13,600, 12,790, and
12,290 cm1. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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at 300 K consists of the weak R-line superimposed by a broad and
intense emission originating from the 4T2 level. This is due to the
fact that the transition probability of the 4T2(F)? 4A2(F) is about
two orders of magnitude larger than that of 2E(F)? 4A2(F), leading
to an increased thermal population of the 4T2(F) level responsible
for the intense broadband spectra observed at room temperature
[12,39]. Additionally the low intensity of the R-line can be related
to energy transfer from single Cr3+ ions to pairs leading to an
increase of the 12,790 cm1 (782 nm) emission for higher Cr3+ con-
centrations [38].
For the sake of comparison with the results presented in this
work, the same behavior was observed in emission spectra for
other glassy and crystalline systems with Cr3+ in high-ﬁeld sites.
The room temperature emission spectrum of Cr3+:NaAl(WO4)2
crystals with Dq/B equal to 2.51 was observed in the 700–
1100 nm region composed mainly by 4T2(F)? 4A2(F) transition
[39]. Also the features of the room temperature emission spectra
observed in Cr3+-doped gadolinium scandium gallium garnet
(Cr3+:GSGG) with a Dq/B value of 2.45 [42,43] and in Cr3+-doped
calcium gallium germanate glasses (Cr3+:CGGG) with high-ﬁeld
Cr3+ sites were similar [44].
Additionally, the room temperature emission spectra of Cr3+ in
strong ﬁeld sites (Dq/BP 2.4) for yttrium gallium garnet amor-
phous ﬁlms (YGG) [45] and for various garnet crystals [46] are also
reported to consist of a weak R-line superimposed by a broad band
originated from the higher excited state occupation (4T2) attributed
to zero-point vibration and phonon-assisted tunneling between
the 2E and 4T2 states [45,46].
The found value Dq/B = 2.48 indicates that Cr3+ ions in antimony
phosphate glasses are in high-ﬁeld ﬁeld sites, which is an atypi-
cally higher value than the Dq/B for other metal phosphate glasses
doped with chromium. The broad absorption from 600 to 700 nm
and the broad emission observed from 600 to 850 nm at room tem-
perature make Cr3+-doped antimony phosphate glasses potential
candidates for diode-pumped tunable solid state lasers operating
in the VIS–NIR spectral ranges.
The broad band emission observed covers a wide VIS–NIR
region of the spectrum and is reported as a broad band tunable
laser oscillation from Cr3+ ions emitting mainly in the 4T2? 4A2
transition [45], being also of high interest for ﬂash-lamp or rhoda-
mine-pumped dye lasers.
4. Conclusions
EPR measurements of Cr3+-doped antimony phosphate glasses
show resonant signals at g = 5.11 and g = 1.97, which proves the
trivalent valence for chromium ions and the octahedral coordina-
tion. Since trivalent chromium ions strongly affect the absorption
spectra with characteristic absorption bands for Cr3+ in an octahe-
dral symmetry, the Tanabe–Sugano diagram was used to evaluate
the Racah inter-electronic repulsion parameters and the crystal
ﬁeld parameter Dq/B. It was found that the system presents a high
crystal ﬁeld, Dq/B = 2.48, which is an atypical result for Cr3+-doped
metal phosphate glasses. The chemical bond parameter a = 0.69
was calculated by the EPR and absorption spectra, indicating a
moderately ionic character of the Cr3+ ions in the glass matrix. In
the antimony phosphate glasses studied in this work, the character
of the Cr3+ luminescence depends not only on the crystal ﬁeld
strength Dq/B, but on the very peculiar characteristics of the heavy
antimony ions associated to phosphate and chromium.
Luminescence spectra using excitation at 350 nm showed weak
emission bands from 400 to 550 nm characteristic of the Sb3+ ions
of the glass matrix. Luminescence spectra measured at 300 K using
excitation at 415 nm is composed by one weak emission band (R-
line at 645 nm) due to 2E(F)? 4A2(F) electronic transitions and
another intense and broad emission band (700–850 nm) assigned
to the 4T2(F)? 4A2(F). Considering the fact that Cr3+ ions are in
high-ﬁeld sites with Dq/B = 2.48 in the studied system, the intense
and broad emission band assigned to the 4T2(F)? 4A2(F) is mainly
attributed to the increased thermal population of the 4T2(F) level at
room temperature. The broad absorption from 600 to 700 nm and
the broad emission bands observed from 600 to 850 nmmake Cr3+-
doped antimony phosphate glasses potential candidates for use in
tunable solid state lasers in the VIS–NIR region operating at room
temperature.
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